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Abstract
The magnetism of single atoms and molecules is governed by the atomic scale environ-
ment. In general, the reduced symmetry of the surrounding splits the d states and aligns
the magnetic moment along certain favorable directions. Here, we show that we can re-
versibly modify the magnetocrystalline anisotropy by manipulating the environment of sin-
gle iron(II) porphyrin molecules adsorbed on Pb(111) with the tip of a scanning tunneling
microscope. When we decrease the tip–molecule distance, we first observe a small increase
followed by an exponential decrease of the axial anisotropy on the molecules. This is in con-
trast to the monotonous increase observed earlier for the same molecule with an additional
axial Cl ligand.1 We ascribe the changes in the anisotropy of both species to a deformation
of the molecules in the presence of the attractive force of the tip, which leads to a change in
the d level alignment. These experiments demonstrate the feasibility of a precise tuning of the
magnetic anisotropy of an individual molecule by mechanical control.
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An important goal in device technology is the construction of nanomagnets and addressability
of their magnetic states.2,3 This requires the understanding of how the atomic-scale environment
influences the spin state and magnetocrystalline anisotropy of single atoms, the building blocks of
nanomagnets.4–7 The spin state of a magnetic atom is governed by the competition of two energy
scales: the splitting of the d orbitals by the reduced symmetry in their crystal field, which tends to
lower the total spin, and the tendency of electron spins to avoid spin pairing and align according
to Hund’s rules. In a metal-organic molecule, the d level splitting is adjusted by the organic ligand
around the paramagnetic metal atom. The magnetocrystalline anisotropy is a consequence of spin-
orbit coupling via the admixture of low-lying excited states as a second order perturbation.8 Recent
works have shown that the careful choice of the atomic surrounding on surfaces, such as adsorption
sites,4–7,9 or an organic ligand10–12 leads to sizable magnetocrystalline anisotropy, up to some tens
of meV.
Tunable control of the magnetocrystalline anisotropy is difficult to achieve, because it demands
a handle to continuously shift the energy levels.13 So far, this has only been achieved in mechani-
cally controlled break junctions,14 which lack the precise control of the molecular geometry and,
hence, of the type of deformation induced. One way to tune properties of nanoobjects on surfaces
with a high degree of control consists in approaching the tip of an STM to the object and modifying
the local magnetic, electronic or mechanical properties. This has been used to intentionally shift
surface,15 or molecular states16 in energy, alter the Kondo screening,17 or the (anti)ferromagnetic
coupling strength,18 and change the spin state mixing of individual nanomagnets.19
Here, we develop a strategy to precisely tune the magnetocrystalline anisotropy in metal-
organic complexes. We study and manipulate iron(II) porphyrin molecules adsorbed on Pb(111)
by means of scanning tunneling microscopy and inelastic scanning tunneling spectroscopy (ISTS)
and compare the results to measurements on the same molecule with an additional axial Cl ligand.
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Figure 1: ISTS on Fe-OEP on Pb(111). The dI/dV spectra are acquired above the center of an
Fe-OEP, and an Fe-OEP-Cl molecule, respectively, and on pristine Pb(111), using conventional
lock-in technique at a frequency of 912Hz with an ac bias modulation of 50µVrms. The insets
show a topographic image of a molecular island on Pb(111) (V = 130mV, I = 60pA) and a high
resolution zoom on two molecules. Molecules with an axial Cl ligand appear with a protrusion in
the center (Fe-OEP-Cl, left in the zoom), molecules without Cl ligand exhibit a depression in the
center (Fe-OEP, right).
We use inelastic spin excitations to monitor changes in the magnetic anisotropy. To be able to
resolve even small variations, a very good energy resolution is required. Thus, we employ a su-
perconducting tip and substrate to probe the magnetic excitations in the single molecules. We then
use the force exerted by the tip of our microscope to affect the molecules with picometer precision.
We gain a handle on the ligand field splitting and, hence, the magnetocrystalline anisotropy. These
findings pave the way for a flexible atomic-scale control of spins in nanomagnets.
We carry out our experiments in a SPECS JT-STM operating at a base temperature of 1.2K.
The Pb(111) surface was cleaned by repeated sputter/anneal cycles until a clean, superconduct-
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ing surface was obtained.20 To increase the energy resolution beyond the Fermi-Dirac-limit of
normal metal tips, we covered the bulk W-tip with superconducting Pb by controlled indentation
into the clean surface, until the tip showed a bulk-like superconducting order parameter ∆. Iron-
octaethylporphyrin-chloride (Fe-OEP-Cl, structure model as inset in Figure 1) was sublimated
from a crucible at 490K onto the clean Pb(111) surface held at 120K. After annealing to 240K,
the porphyrin molecules self-assemble in ordered monolayer islands of quasi-hexagonal structure,
with the ethyl-groups clearly visible in the STM images (see insets in Figure 1). About two thirds
of the molecules exhibit a depression in the center. They have lost the axial Cl ligand upon ad-
sorption (in the following referred to as Fe-OEP). The second type of molecules shows a bright
protrusion in the center, which we identify as the Cl ligand. By means of a voltage pulse, the ligand
can controllably be removed (compare to Ref.21,22), and Fe-OEP-Cl is transformed into Fe-OEP.
To characterize the spin state of Fe-OEP, we recorded spectra of the differential conductance
(dI/dV ) with the tip placed over the center of the molecule (Figure 1 top). The spectrum exhibits
a gap region around the Fermi level, enclosed by sharp resonances of quasi-particle excitations at
eV =±2∆ as also observed for the pristine Pb(111) surface (Figure 1 bottom).23 This characterizes
the unperturbed superconductor-superconductor tunneling junction. No inner-gap bound states,
which are ascribed to local screening of the spin through the superconductor’s quasi-particles,25,26
are observed on the paramagnetic molecule. This shows the absence of any sizable interaction
with the substrate, probably due to the eight ethyl groups acting as spacers. Instead, we found
two pairs of new resonances appearing symmetric to zero bias at ±12.6 and ±14.0 mV, outside
the superconducting gap. On Fe-OEP-Cl, we observed similar peak shapes (see Figure 1 middle)
at lower energies.1 The resonances are signatures of inelastic excitations in a superconductor-
superconductor junction.1 The opening of the inelastic tunneling channel at the threshold energy
e|V |= 2∆+ ε is reflected in the dI/dV spectra by BCS-like resonances due to the structure of the
superconducting density of states of tip and sample.
Measurements on Fe-OEP-Cl in a magnetic field of up to 3 T perpendicular to the sample sur-
face (Supporting Information, Figure S1) show that the origin of these peaks is magnetic. The ob-
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served Zeeman shift of the low energy excitation and the appearance of a new transition around the
Fermi level reveals a half integer spin state of either S= 3/2 or 5/2 with an easy-plane anisotropy.
Current-dependent changes of the excitation intensities allowed us to identify the excitation scheme
of the molecule [illustrated in Figure 2(c)].1 The lower-energy excitation corresponds to transitions
between the ground state (|MS〉= |±1/2〉) and the first excited state (|±3/2〉). The second excita-
tion then proved the S= 5/2 state, because it is due to transitions between |±3/2〉 and |±5/2〉, the
first and second excited state, respectively. The deduced easy-plane anisotropy can be described in
terms of the phenomenological Spin–Hamiltonian at zero magnetic field: H = DS2z +E(S
2
x −S2y)
(here Sx, Sy, and Sz are the spin operators of the three Cartesian axis).2 The axial anisotropy param-
eter D= 0.7meV is close to the bulk value.27 We did not detect any additional in-plane distortion
(E = 0).
The removal of the Cl ligand causes a drastic change in the excitation spectrum [Figure 2(b)].
The two excitations at 12.6 and 14.0mV are of equal intensity independent of the tunneling cur-
rent.28 This spectrum agrees with a spin S = 1, which is expected for an Fe center reduced from
oxidation state III to II. The intermediate spin state is typical for Fe2+ in the square-planar ligand
field of a porphyrin ligand.29–31 In the S= 1 state, easy-plane anisotropy (D> 0) with an additional
in-plane distortion (E 6= 0) gives rise to two possible excitations with equal transition probabilities
[sketch in Figure 2(c)]. From the spectrum we deduce the anisotropy parameters D = 10.6meV
and E = 0.7meV. The D value is similar to those measured for other Fe2+ porphyrins in the bulk
phase.32,33 However, we find variations in E and D around these values [Figure 2(d)] for different
Fe-OEP molecules on the surface without any obvious correlation between the two anisotropy pa-
rameters (note that no such variations are observed for Fe-OEP-Cl). The fluctuation in E and D
values are probably due to slight variations in the adsorption site within the self-assembled islands.
To gain an intuitive picture of the origin of the magnetocrystalline anisotropy of the two
molecules, we consider the different ligand field splitting and d level occupation of the Fe ion
in the two complexes (Figure 3). The ligand field experienced by the Fe3+ in Fe-OEP-Cl is of
square-pyramidal nature. The axial Cl ligand, which is a weak ligand compared to the pyrole ni-
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Figure 2: Inelastic excitations. (a) High-resolution ISTS spectrum of Fe-OEP-Cl (25µVrms). The
two excitations with an energy of 1.4 and 2.8meV identify the S = 5/2 state with a magnetocrys-
talline anisotropy parameter D= 0.7meV.1 (b) The zoom on the ISTS spectrum of Fe-OEP unveils
two inelastic excitations of equal intensity at 12.6 and 14.0mV (50µVrms). As guide for the eye,
the spectrum of pristine Pb(111) is superimposed as dotted line. (c) Scheme of the zero field split-
ting of Fe-OEP and Fe-OEP-Cl. For Fe-OEP we detect, additionally to the main anisotropy axis,
an in-plan distortion (rhombicity), which gives rise to the parameter E. (d) Distributions of E and
D as measured for 71 different Fe-OEP molecules (measured at 4.5K).
trogen, lifts the Fe3+ out of the macrocycle plane.29 This leads to a small ligand field splitting
and yields a high-spin S = 5/2 ground state with singly occupied d levels. In this case, the spin-
pairing energy is larger than the energy level difference. The magnetocrystalline anisotropy results
from the admixture of electronically excited states of reduced total spin [e.g. E1 and E2 in Fig-
ure 3(a)]. Furthermore, the lifting of the Fe center out of the pyrole plane leads to a relatively large
Fe–surface distance, which makes the Fe3+ insensitive to variations of the adsorption site.
In the case of Fe-OEP, the Fe2+ lies in the square-planar ligand field of the porphyrin macro-
cycle. The in-plane position of the Fe2+ yields shorter Fe–N distances and a larger ligand field
splitting, in particular the energy of the dx2−y2 level is strongly increased compared to Fe-OEP-Cl.
This results in the intermediate spin (S = 1) ground state E0 as depicted in Figure 3(b). Since the
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Figure 3: Sketch of the electronic ground (E0), first (E1), and second (E2) excited state in the
case of: (a) high-spin (S = 5/2) Fe3+ in a square-pyramidal ligand field (as in Fe-OEP-Cl); (b)
intermediate spin (S= 1) Fe2+ in a square-planar ligand field34 (as in Fe-OEP). Note that in (a) E1
(degenerate) and E2 are of reduced total spin compared to E0, while in (b) the spin is conserved.
Energies not to scale.
splitting between the dpi and dz2 is small in Fe(II) porphyrins,
35 there is a strong admixture of E1
and E2 to the ground state and hence a large magnetocrystalline anisotropy. The admixture of these
lowest lying states yields contributions to the orbital moments Λxx and Λyy in x and y direction,
respectively, but not to Λzz, the orbital moment in z direction.37 Therefore, the resulting anisotropy
is easy-plane, i.e., D > 0, as we can write D=−λ 22 (2Λzz−Λxx−Λyy),37 with λ being the spin-
orbit coupling constant. At the same time, the shorter Fe–surface distance compared to Fe-OEP-Cl
results in a higher sensitivity to variations in the adsorption site. The atomic environment under-
neath the Fe2+ ion mainly affects the dz2 and dpi levels, because they extend toward the surface,
resulting in slight variations of Λxx and Λyy, and, therefore, D and E [note: E =−λ 22 (Λxx−Λyy)].
The interaction with the surface also explains the reduction of the D4h symmetry evidenced by the
non-zero E parameter.
The above shown sensitivity of the zero field splitting to small variations in the environment
provides access to a controlled tuning. With this intention, we approach the tip of the STM to the
center of an Fe-OEP molecule. The presence of the tip alters the ligand field, while we simultane-
ously record ISTS curves at varying tip–sample distances [see Figure 4(a)]. First, both excitation
peaks shift to higher energies and reach a maximum at ∆z ≈ −200pm. With a further reduction
of the distance, both peaks shift to energies lower than the initial values until, at −330pm, the
junction becomes instable. Figure 4(b) shows the extracted values of D vs. ∆z.38 From ∆z = 0 to
−200pm the axial anisotropy D slightly increases, before it rapidly decreases for shorter distances.
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This variation of D is qualitatively different from the variation observed earlier on Fe-OEP-Cl,1
where D exponentially increased with decreasing tip–sample distance.
These variations in the zero field splitting of the two species can be understood considering the
changes in geometry induced by the proximity of the STM tip. In the relaxed adsorption state of
Fe-OEP (in absence of the STM tip), the Fe ion is expected to be attracted toward the surface, thus
lying slightly below the porphyrin plane. The tip potential then exerts an opposed attractive force
on the Fe atom, which pulls it toward the opposite side of the macrocycle due to a surface trans
effect.39 Passing through the molecular plane causes first a small decrease in Fe–N bond length,
followed by a subsequent Fe–N bond elongation. A larger Fe–N bond length causes the dx2−y2
orbital to shift down in energy, while the concomitant decrease in the tip–Fe distance increases the
energy of the dz2 orbital [sketched in Figure 4(c)]. The larger energy difference between dpi and dz2
enhances also the energy difference E1−E0. This reduces the admixture of the excited states and,
hence, the magnetocrystalline anisotropy. This scenario thus explains the initial slight increase in
D between ∆z = 0 and −200pm (Fe–surface distance increased and, therefore, lower dz2 energy)
and its subsequent pronounced decrease upon further tip approach.
In the case of Fe-OEP-Cl, the tip potential acts (mainly) on the Cl ligand pointing upwards
and attracts the Cl atom toward the tip. In turn, the Cl–Fe bond weakens and the Fe ion relaxes
toward the molecular plane, decreasing the Fe–N bond length. The resulting changes of the ligand
field splitting are sketched in Figure 4(c): the dz2 (dx2−y2) orbital shifts down (up) in energy as
the Fe–Cl (Fe–N) distance increases (decreases). These changes increase the overall ligand field
splitting and reduce the total energy difference E1−E0, which also includes the spin pairing en-
ergy. The smaller energy difference between ground and excited states enhances their admixture
according to perturbation theory. This yields larger orbital moments Λxx and Λyy and, therefore,
larger magnetocrystalline anisotropy.
The local control of the magnetic properties of nanostructures, such as the spin state or the mag-
netocrystalline anisotropy, is a prerequisite for their successful application in spintronic devices. In
thin metallic films40,41 and clusters,42 an external electric field can be applied to tune the magnetic
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Figure 4: Tip-induced changes of the zero field splitting of Fe-OEP. (a) Color plot of the normalized
dI/dV excitation spectra of Fe-OEP as a function of ∆z (50µVrms, setpoint: 200pA, 50mV). (b)
Axial anisotropy D vs. ∆z as extracted from the spectra shown in (a). (c) Scheme of the changes in
the ligand field splitting of Fe-OEP and FeOEP-Cl with the approaching tip.
anisotropy. For single atoms, so far only static control of the magnetocrystalline anisotropy has
been achieved by the selection of the adsorption site on surfaces.4,5,7,43,44 In the chemical approach,
organic ligands are used to determine the ligand field splitting and magnetocrystalline anisotropy.2
Our approach provides the flexibility to continuously tune the magnetocrystalline anisotropy by
modifying the geometry of the atomic-scale surrounding, even though it is, so far, restricted to
changes in the order of 10%. The opposed variations in the anisotropy induced by the tip for
the two types of molecules discussed, underline the importance of a smart chemical engineering to
achieve desired functionality and highlight the degree of freedom that can thereby be reached. Fur-
thermore, we show how the anisotropy may serve as a highly sensitive probe to identify variations
in the atomic scale interactions, which are, e.g., induced by the presence of the tip.
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Supporting Information:
Zeeman shift of the spin excitations
To prove the magnetic origin of the inelastic excitation detected for Fe-OEP-Cl, we acquired dI/dV
spectra at different magnetic (B) field strengths aligned perpendicular to the sample surface. Fig-
ure 5(a) shows dI/dV spectra measured on an Fe-OEP-Cl molecule at fields ranging from 0.5 to
3 T. The B field quenches the superconducting state of sample and tip. Therefore, the inelastic
excitations now appear as steps rather then as resonances at a threshold energy |eV | = ε in the
dI/dV spectra.
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Figure 5: (a) Magnetic field dependent ISTS spectra of Fe-OEP-Cl (feedback parameters: I =
50 mV,V = 200 pA; dz=−100 pm,Vmod = 35 µeV). (b) Fit of the experimental data in (a) with the
following parameters: spin S= 5/2, axial anisotropy D= 0.72±0.02 meV, g-factor g= 1.8±0.2,
effective temperature Te f f = 1.3 K. (c) Scheme of the B field dependent state energies. Inelastic
transitions as observed in the experiment are indicated by arrows.
With increasing field strength, the excitation with a zero-field energy of 1.4 meV as detected
in the superconducting state [compare to Figure 2(a) of the main manuscript], moves to lower
energies. Simultaneously, a V-shaped gap is opened around zero bias. The energy of this new
excitation increases with the B field strength. The appearance as a dip is due to the overlap of
steps at opposite energies, which are Fermi-Dirac broadened at 1.2 K. We can describe the spin
excitations in an anisotropic environment and magnetic field by the following phenomenological
Spin–Hamiltonian:2
H = gµB~B ·~S+DS2z +E(S2x−S2y). (1)
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The first term yields the Zeeman splitting, with g being the Landé g-factor, µB the Bohr magne-
ton, ~B the magnetic field vector and ~S = (Sx,Sy,Sz) the spin operator. D and E are the axial and
transverse anisotropy parameters. Setting the spin to S = 5/2 and E = 0,1 we can simulate the
experimental spectra assuming the axial anisotropy parallel to the applied B-field axis and an ef-
fective temperature Te f f = 1.3 K. The fit yields D = 0.72± 0.02 meV and g = 1.8± 0.2 and the
simulated curves are shown in Figure 5(b).
Figure 5(c) presents a scheme of the B field-dependent state energies and the observed transi-
tions. In the superconducting state of the substrate at zero field strength, two excitations can be
observed: one ground state excitation (full orange arrow) from MS = |±1/2〉 to |±3/2〉, and, at
higher currents, a second excitation from the first excited state |±3/2〉 to |±5/2〉 (dashed orange
arrow). In magnetic fields above the critical field of Pb (80 mT), only ground state excitations are
observed. The violet arrows indicate the transitions from |−1/2〉 to |+1/2〉, and from |−1/2〉 to
|−3/2〉, respectively.
In the case of Fe-OEP, we were not able to detect unambiguous evidence of a Zeeman shift of
the spin excitations in fields of up to 3 T at a temperature of 1.2 K. This is understood by taking the
relevant energies of the system into account. In a S= 1 system in zero magnetic field, the transverse
anisotropy E mixes the pure spin states |+1〉 and |−1〉. An applied magnetic field in z direction
will reduce the mixing and restore the pure spin state if gµBBz  E. At intermediate fields, the
energy of the two states is given as E± =D/3±
√
E2 +(gµBBz)2. With a transverse anisotropy of
E = 0.7 meV (approximate median of all measured molecules), this results in changes of the exci-
tation energies of 60 µeV at 3 T, which is small compared to the temperature broadening at 1.2 K
(3.5kBT = 360 µeV). Yet, the agreement of the deduced axial anisotropy with bulk measurements
of other Fe2+ porphyrins,32,33 together with the absence of any excitation in this energy range
in the spectrum of Fe-OEP-Cl, renders a vibrational origin of the observed inelastic excitations
implausible and corroborates our interpretation as spin excitations of a S= 1 system.
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